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Abstract
Soft interaction is an unavoidable participant of every hard process at high energies. Although the factorisation
theorems allow to separate the hard and soft parts of the interaction, in many instances (not covered by the theorems)
factorisation is broken, and the processes are dominated by the interplay between the perturbative and nonperturbative
eﬀects. Several examples are overviewed in this note.
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1. Introduction
Most of hadronic reactions involve nonperturbative
eﬀects, even if they are characterized by a hard scale. In
the classical example of deep-inelastic lepton scattering
(DIS) on a proton, the soft scale is essentially involved
even at large momentum transfer Q, as is illustrated in
Fig. 1. The powerful tool, which allows to separate the
Figure 1: Inclusive Deep-Inelastic Scattering of leptons on protons.
perturbative and nonperturbative part of the interaction
is QCD factorisation theorems (sometimes not proven)
[1]. However, in many instances the hard and soft in-
teractions are not separable, and their interplay is cru-
cial for theoretical interpretation of the processes. In
what follows we brieﬂy overview several eﬀects break-
ing factorisation.
According to Bjorken scaling the parton distributions
in a hadron depend only on x, the fractional momentum
of the parton. This could be true if the number of par-
tons were conserved. However, they are not classical
particles, but quantum ﬂuctuations, whose number de-
pends on reference frame and resolution Q of the probe.
A photon of virtuality Q2 can resolve partons with
transverse momenta kT < Q, but it is blind to harder
ﬂuctuations. Increasing Q2, one can see more partons in
the proton, because a feed-down mechanism from large
x partons populates the small-x region. Simultaneously
this leads to a reduction of the parton density at large
x. Such a re-distribution of parton momenta leads to
a Q2-dependence falling at large and rising at small x.
Such a peculiar behaviour is conﬁrmed by DIS data [6].
Perturbative QCD is unable to predict the parton dis-
tribution functions (PDF), because of the presence of
the nonperturbative eﬀects. However, one can calcu-
late how PDFs vary with hard scale. The scale evolu-
tion is controlled by the DGLAP equations (Dokshitzer-
Gribov-Lipatov-Altarelli-Parisi) [2, 3, 4, 5],
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The splitting functions Pi j(x) for transition between
the parton species i → j are calculated perturbatively.
Therefore, the usual strategy for extracting PDFs from
DIS data is: (i) introduce an ad hoc PDF parametrization
at some starting scale Q20; (ii) evolve it with DGLAP
evolution to higher scales; (iii) compare with data at a
proper scale and adjust the input PDFs.
2. Drell-Yan reaction
The Drell-Yan reaction of heavy dilepton production
in hadronic collisions, h1h2 → l+l−X, can be repre-
sented as annihilation of the projectile quark and anti-
quark originated from the colliding hadrons, as is illus-
trated in Fig. 2.
Figure 2: Drell-Yan mechanism for production of a heavy dilepton
(leading order).
The cross section reads [7],
dσ
dM2
=
∫ 1
0
dx1dx2
∑
f
dσˆ(q f q¯ f → l¯l)
dM2
×
{
q f (x1,M2)q¯ f (x2,M2) + (1↔ 2)
}
, (2)
where
dσˆ(q f q¯ f → l¯l)
dM2
=
4πα2emZ
2
f
3NcM2
δ(x1x2 s − M2), (3)
and the fractional momenta of the colliding q f -q¯ f are re-
lated to the invariant mass and Feynman xF of the dilep-
ton l¯l as, x1x2 = M2/s and x1 − x2 = xF .
The key result of the factorisation theorem, univer-
sality of q f (x,M2) , allows to predict the cross section
Eq. (2). However, this leading order (LO) prediction
dramatically underestimates data by a factor K ≈ 2.3.
Why?
Any abrupt variation of a current (electromagnetic
or coloured) leads to an intensive radiation. In par-
ticular, this happens in the hard sub-process qq¯ → ll¯.
Indeed, the colliding quarks carry a colour ﬁeld of
Weiza¨cker-Williams gluons, which are shaken oﬀ the
colour sources, q and q¯, when they disappear. The prob-
ability of no radiation in such a process is Sudakov sup-
pressed and is small. Not a surprise that the cross sec-
tion of the process depicted in Fig. 2, which is calculated
in LO in αs, so does not include gluon radiation, is sup-
pressed compared with data. Indeed, the next to leading
(NLO) order corrections improve agreement with data
(see comparison with data in [8]).
3. Alternative dipole description: small-x DIS
At high energies, or small x = Q2/W2  1 the par-
ton model description of DIS (and any other process) is
not Lorentz invariant, only observables are. One can-
not even say whether a sea parton belongs to the beam
or target. The proton structure function F2(x,Q2) at
small x in the proton rest frame looks more like the
hadronic structure of the virtual photon, like is illus-
trated in Fig. 3. The whole process is interpreted as
Figure 3: DIS in the proton rest frame.
interaction of a hadronic ﬂuctuation of the incoming
photon, containing a q¯q and accompanied gluons, and
sea quarks. Important is the hierarchy of the ﬂuctuation
lifetimes: t(l → l′γ∗)  t(γ∗ → q¯q)  t(q¯q → q¯qg) 
t(g→ gg), etc.
The distribution amplitude ΨT,Lqq¯ (α, rT ) of the transi-
tion γ∗ → q¯q, illustrated in Fig. 4, is characterised by
the transverse q¯q separation rT and the fractional light-
cone quark momentum α. Correspondingly, the inclu-
Figure 4: The transition amplitude of γ∗ → q¯q.
sive γ∗p cross section has the form,
σγ∗p(x,Q2) = σT + σL =
4π2αem
Q2
F2(x,Q2), (4)
where the cross sections of transversely and longitudi-
nally polarised photons can be calculated in the dipole
approach [9] as [10],
σ
γ∗p
T,L =
∫ 1
0
dα
∫
d2rT
∣∣∣ΨT,Lqq¯ (α, rT )
∣∣∣2 σqq¯(rT ) (5)
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This dipole representation is based on another kind of
factorisation: the dipole distribution function vs dipole
cross section.
Perturbatively σq¯q(rT ) would be universal and ﬂavour
independent [9], what allows to predict various hard
reactions. No sizeable deviation from this expectation
caused by non-perturbative eﬀects has been observed so
far.
The light-cone distribution function
∣∣∣ΨT,Lqq¯ (α, rT )
∣∣∣2 can
be calculated perturbatively [11, 12].
∣∣∣ΨTqq¯(α, rT )
∣∣∣2 = 2Ncαem
(2π)2
Nf∑
f=1
Z2f
{
[1 − 2α(1 − α)]
× 2K21(rT ) + m2fK20(rT )
}
(6)
∣∣∣ΨLqq¯(α, rT )
∣∣∣2 = 8Ncαem
(2π)2
×
Nf∑
f=1
Z2f Q
2α2(1 − α)2K20(rT ) (7)
Here α = p+q /p
+
γ∗ ; 
2 − α(1 − α)Q2 + m2f . The mean
dipole separation is 〈rT 〉 ∼ 1/. Even at a large scale Q2
in asymmetric ﬂuctuations, called aligned jet conﬁgura-
tions, when either α ∼ 1/Q2, or 1 − α ∼ 1/Q2, the large
term in  is compensated, and  ∼ mf , i.e. 〈rT 〉 is large
and the ﬂuctuation becomes soft.
The dipole cross section has the property of colour
transparency [9]. If the mean dipole size is 〈rT 〉 ∼ 1/Q,
the cross section is decreasing as 1/Q2. Otherwise the
aligned jet conﬁgurations having a large cross section,
are suppressed by their phase-space weight, which is
also ∼ 1/Q2. Thus, the cross section Eq. (4) is falling
with the scale as 1/Q2, which was anticipated according
to Bjorken scaling.
4. Diﬀractive DIS
Diﬀractive interaction, which is associated with pres-
ence of a large rapidity gap in ﬁnal state, in the case of
DIS looks like excitation of the virtual photon γ∗ + p→
X + p, with the state X having invariant mass MX  W,
as is illustrated in Fig. 5. Production of a rapidity gap
is a result of a colourless exchange, which is dominated
by the Pomeron, if the gap is large.
In the dipole representation, this process looks like
a transition γ∗ → q¯q followed by elastic dipole-
proton scattering via Pomeron exchange. Since the
P
γ∗
h
e
e’
h
Figure 5: Diﬀractive DIS γ∗ + h→ X + h via Pomeron exchange.
forward elastic and total cross sections are related as
dσel/dt|t=0 = σ2tot/16π, the single-diﬀraction cross sec-
tion looks similar to the inclusive one, Eq. (5), but the
dipole cross section is squared,
∫
dM2X
dσDISsd
dM2Xdt
∣∣∣∣∣∣∣
t=0
=
1
16π
∫
d2rT σ2qq¯(rT )
×
∫ 1
0
dα
∣∣∣Ψqq¯(α, rT ,Q2)∣∣∣2 (8)
Here X = q + q¯ , which corresponds to the PPR term
in the triple-Regge phenomenology, as is illustrated in
Fig. 6. The triple-Pomeron term PPP corresponds to ex-
citation of a higher component of the photon, containing
gluons, X = q + q¯ + g.
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Figure 6: Triple-Regge description of diﬀractive DIS.
Usually diﬀraction in hadronic collisions is consid-
ered as a soft process [13], however in DIS it is charac-
terised with a hard scale Q2. Is DIS diﬀraction hard or
soft?
As was explained in the previous sections, most of
ﬂuctuations of a highly virtual photon are hard, i.e. the
q¯q dipole has a small size ∼ 1/Q. Only a tiny fractions,
whose probability is suppressed as ∼ 1/Q2, are soft, i.e.
have a large hadronic size. The interplay between the
probabilities and cross sections of hard and soft ﬂuctua-
tions of a highly virtual transverse photon can be viewed
as it is presented in a simpliﬁed form in Table 1 [14].
From this simple representation for the Q-dependent
parts of the cross sections we can conclude: (i) Inclu-
sive DIS is semi-hard, semi-soft even at high Q2; (ii)
The fractional contribution of soft interactions is nearly
Q2-independent, σDISdi f f /σ
DIS
incl ≈ Const; (iii) DIS diﬀrac-
tion is soft-dominated.
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Table 1: Interplay between the probabilities and cross sections of ﬂuc-
tuations of virtual photon.
|Cα|2 σα σtot = σsd =
hard∑
α=so f t
|Cα|2σα
hard∑
α=so f t
|Cα|2σ2α
Hard ∼ 1 ∼ 1Q2 ∼ 1Q2 ∼ 1Q4
Soft ∼ m2qQ2 ∼ 1m2q ∼
1
Q2 ∼ 1m2qQ2
Notice that this presentation was intentionally sim-
pliﬁed, in order to clarify the main issue, relative im-
portance of hard and soft interactions. However, this
simple picture misses log Q2 terms.
5. Drell-Yan via dipoles
In the rest frame of the target the Drell-Yan (DY) re-
action is interpreted diﬀerently from the parton model
(see Fig. 2). It looks like radiation of a heavy photon
(or Z, W) decaying into a dilepton. The DY amplitude
expressed in terms of Feynman graphs is depicted in
Fig. 7. In spite of absence of dipoles in this graphs, the
Figure 7: Bremsstrahlung of a heavy photon by a high-energy quark,
before (a) and after (b) the interaction.
DY cross section can be expressed via the dipole cross
section [15, 16],
dσ(qp→γ
∗q′X)
inc
dα
=
∫
d2r
∣∣∣Ψqγ∗ (r, α)∣∣∣2 σq¯q (αr, x2) ,(9)
where Ψqγ∗ (r, α) is the light-cone distribution func-
tion of the |qγ∗〉 component, which looks similar to
Eqs. (6)-(7), and the explicit expressions can be found
in [15, 17].
This nontrivial result can be understood intuitively as
a result of interaction of diﬀerent Fock components of
the quark, namely, the bare quark |q〉 and |qγ∗〉. Accord-
ing to the basic principles of diﬀraction [18, 19, 20],
if diﬀerent Fock components interacted with the same
cross section, no diﬀractive excitation would be pos-
sible, because the initial wave packet would be repro-
duced after the interaction. So diﬀraction emerges due
to the diﬀerence between the interaction amplitudes of
diﬀerent components. While γ∗ does not interact, the
quark does, but it gets a relative shift of its impact pa-
rameter after radiation of the photon. Thus, one arrives
at the diﬀerence of the quark-proton amplitudes with
diﬀerent impact parameters, which is equivalent to the
dipole cross section [15]. This leads to Eq. (9).
The DY cross section, in a collision of two hadrons
reads [17],
dσDYinc
dx1dM2
=
1
M2 x1
α2em
3π
1∫
x1
dα
α
F2(x1/α)
×
∫
d2r
∣∣∣∣ΨL,Tqγ∗ (r, α)
∣∣∣∣2σq¯q (αr, x2) . (10)
Here F2(x,M2) is the structure function of the beam
hadron, measured in DIS.
This simple formula reproduces the results of much
more complicated NLO calculations at small x < 0.01
amazingly well. The comparison is presented in Fig. 8.
Figure 8: Comparison of the dipole approach, Eq. (10) (solid curve)
with parton model NLO calculations using CTEQ5M parametrization
(dashed curve) [8].
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6. Diﬀractive Drell-Yan
Fig. 2 gives a hint of a possibility to measure in DIS
the Pomeron structure function, which can be applied
to other hard diﬀractive processes, assuming diﬀractive
factorisation [21], which however, turns out to be bro-
ken, as is demonstrated further on in this and in the fol-
lowing section.
The Feynman graphs responsible for diﬀractive pho-
ton bremsstrahlung by a quark are depicted in Fig. 9. It
Figure 9: Feynman graphs for diﬀractive photon radiation.
turns out that radiation from the short line between the
two exchanged gluons does not contribute, only exter-
nal legs radiate [22]. This is actually a manifestation
of the Landau-Pomeranchuk principle. For this reason,
diﬀractive radiation of a photon (or any gauge boson)
by a quark vanishes in the forward direction,
dσDYinc (qp→ γ∗qp)
dα dM2d2pT
∣∣∣∣∣∣
pT=0
= 0. (11)
This can also be understood intuitively: since the photon
does not interact, radiation occurs only due to the dif-
ference between impact parameters of the incident and
recoil quarks. However the forward diﬀractive ampli-
tude comes from the integral over impact parameter, so
this diﬀerence cancels. This conclusion holds for any
Abelian diﬀractive radiation of γ, W, Z bosons, Higgs.
Diﬀractive DIS, as it was demonstrated above, is
dominated by soft interactions. On the contrary, diﬀrac-
tive Drell-Yan gets the main contribution from the inter-
play of soft and hard scales [23, 24]. Indeed, the quark
radiating a heavy photon gets a shift in its location by
r ∼ 1/M. Correspondingly, the diﬀractive amplitude
has the structure,
σ(R) − σ(R − αr) ∝ r · R (12)
This diﬀractive amplitude is not quadratic in r, like in
inclusive DIS, but linear. Therefore, the soft part of the
interaction is not enhanced in Drell-Yan diﬀraction, like
was shown for diﬀractive DIS in Table 1, but it is semi-
hard - semisoft, like inclusive DIS.
Such a structure of the diﬀractive amplitude includes
all absorptive corrections (gap survival amplitude), pro-
vided that the dipole cross section is adjusted to data
[24].
The Good-Walker form of the diﬀractive amplitude
and the saturated shape of the dipole cross section,
σ(R) ∝ 1 − exp(−R2/R20), lead to unusual features of
diﬀractive Drell-Yan,
σDYsd
σDYincl
∝ exp(−2R
2/R20)
R20
, (13)
which can be seeing in Fig. 10. The fractional diﬀrac-
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Figure 10: Fractional diﬀractive DY cross section as function of M2
at diﬀerent colliding energies.
tive cross section is steeply falling with energy, but rises
with the dilepton invariant mass, because the saturation
scale Qs = 1/R0 in the dipole cross section rises with
energy.
Diﬀractive radiation of any Abelian particle is de-
scribed by the same Feynman graphs, only couplings
and spin structure may vary. Predictions for the dilep-
ton invariant mass distributions at the LHC energy are
shown in Fig. 11 for decays of diﬀerent gauge bosons
[25]. One can also compare with available data at
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Figure 11: Diﬀractive cross section of gauge boson production at√
s = 14TeV as function of dilepton invariant mass squared [25].
√
s = 1.96TeV from the CDF experiment [26], depicted
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in Fig. 12. The parameter-free calculations performed
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Figure 12: The fractional diﬀractive cross section as function of dilep-
ton invariant mass squared. The CDF data points for W and Z produc-
tion at
√
s = 1.96TeV [26].
in the dipole approach agree with data quite well.
7. Diﬀractive excitation of heavy ﬂavours
The mechanisms of inclusive heavy quark production
can be classiﬁed as is shown in Fig. 13. The sum of this
54
Q
Q
Q
1 2 3
Q
Q
Q
Q
Q
Q
Q
Figure 13: Feynman graphs contributing to inclusive production of a
heavy quark pair.
ﬁve amplitudes can be assigned to two classes which
we call bremsstrahlung (Br) and production (Pr) mech-
anisms, as is described in detail in [27],
5∑
i=1
Mi = MBr + MPr , (14)
The bremsstrahlung amplitude, MBr, corresponds to the
following combination of graphs depicted in Fig. 13,
MBr = M1 + M2 +
Q2
M2 + Q2
M3 . (15)
It describes bremsstrahlung of a heavy gluon, which de-
cays into Q¯Q. The remaining amplitudes are combined
into the second group, the amplitude of Q¯Q production
via direct interaction with the heavy quark pair,
MPr =
M2
M2 + Q2
M3 + M4 + M5 . (16)
The mechanisms of diﬀractive production are related
to the inclusive ones by the Cutkosky cutting rules [28].
The second exchanged gluon in the Pomeron can be
attached not only to the active quark radiating heavy
ﬂavours, but also to the spectator partons, separated by
large distances. Diﬀraction excitation of Q¯Q in a sepa-
rate parton by the bremsstrahlung mechanism, which is
forbidden for DY process, is permitted for non-abelian
radiation, but it is a higher twist eﬀect and can be ne-
glected. The presence of spectator partons in the projec-
tile hadron opens new possibilities of interactions, and
the bremsstrahlung mechanism becomes leading twist
as well. Quantitatively, however, it is still a small part
of the cross section. The dominant contribution comes
from diﬀractive excitation of a separate projectile quark
or gluon via the production mechanism.
The results of parameter-free calculations in the
dipole approach agree well with available data from the
Tevatron, as is demonstrated in Fig. 14. In particular,
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Figure 14: Cross section of diﬀractive production of heavy ﬂavours as
function of energy. Experimental points are from the E690 [29], and
CDF [30] experiment.
the data conﬁrm the leading twist behaviour of the cross
section, 1/m2Q, on the contrary to the higher twist, 1/m
4
Q,
suggested by diﬀractive factorisation.
8. Breakdown of QCD factorisation in diﬀraction
The graph in Fig. 5 suggests that diﬀractive DIS can
be employed as a tool for measuring the structure func-
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tion (PDFs) of the Pomeron [21]. Once the parton densi-
ties in the Pomeron are known and diﬀractive factorisa-
tion is at work, it is tempting to predict the cross section
of any hard hadronic diﬀraction.
However, the attempts to use the diﬀractive PDFs
of the Pomeron extracted from DIS to predict diﬀrac-
tive jet production failed badly: data from the Tevatron
[31] contradict the predictions, based on HERA mea-
surements, by an order of magnitude [32]. Factorisation
Figure 15: The dotted curves are the predictions made using the
Pomeron PDFs extracted from diﬀractive DIS. Experimental points
show the cross section of diﬀractive di-jet production [31, 32]
is severely broken for hard hadronic diﬀractions. This
happens because of the impossibility to separate short
and long distances in the hadronic diﬀractive interac-
tions. The two scales mix up, and their interplay control
the magnitude of the diﬀractive hadronic cross section.
Frequently the observed suppression is interpreted as
the rapidity gap survival probability. That is of course
a part of the mechanisms of factorisation breaking con-
sidered here, but it is oversimpliﬁed, because misses the
leading twist and leaves diﬀraction to be a higher twist
eﬀect.
9. Diﬀractive Higgs production
Light quark do not radiate Higgs directly, because the
coupling is too small. Higgs, however, can be produced
in a double-step process: production of heavy quark,
which then radiate a Higgs. Therefore, although Higgs
is an Abelian particle, its radiation involves the non-
Abelian mechanism of diﬀractive heavy quarks produc-
tion.
Diﬀractive Higgsstrahlung is similar to diﬀractive
DY, Z and W, since in all cases the radiated particle does
not participate in the interaction. However, the Higgs
Figure 16: The dominat contributions to the diﬀractive Hig-
gsstrahlung oﬀ heavy quarks.
decouples from light quarks, so the cross section of hig-
gsstrahlung by light hadrons was found in [33] to be
quite small.
A larger cross section emerges due to presence of in-
trinsic heavy ﬂavours in light hadrons [34]. Exclusive
Higgs production, pp→ Hpp, via coalescence of heavy
quarks, Q¯Q → H. The contributions of diﬀerent heavy
ﬂavours are compared in Fig. 17.
Figure 17: The cross section of pp→ Hp+ p as function of the Higgs
mass. Contributions of IC (dashed) of IB (dotted) and IT (solid).
The cross section of Higgs production was evalu-
ated assuming 1% of intrinsic charm, and that heavier
ﬂavours scale as 1/m2Q [35]. At the Higgs mass 125 GeV
intrinsic bottom and top give comparable contributions.
10. Diﬀractive gluon radiation
The triple-Regge graphs, contributing to diﬀraction,
have diﬀerent quark-gluon structures. Fig. 19 repre-
sents the graph PPR corresponding to excitation of the
valence quark skeleton. A hadron can be also excited
P
P PP P
2
P
q qM X
Figure 18: Diﬀraction due to excitation of the valence quark skeleton.
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by radiation of a gluon, which would correspond to the
triple Pomeron graph of Fig. 19.
2
P P PP P
P
P
XM
g
g g σ
p
tot
Figure 19: The triple-Pomeron graph originated from diﬀractive gluon
radiation.
The two mechanisms can be discriminated by their
MX-dependences, which are quite diﬀerent,
dσsd
dM2X
∣∣∣∣∣∣
PPR
∝ 1
M3X
;
dσsd
dM2X
∣∣∣∣∣∣
PPP
∝ 1
M2X
.
Fitting data [36] one can extract from the analysis
the Pomeron-proton cross section. Since the Pomeron
is a gluonic object, it should interact stronger than a
quark-antiquark meson, so one could anticipate σPptot ≈
(9/4)σπptot ≈ 50mb, however, the results of analyses pre-
sented in Fig. 20 show a much smaller value, σPptot 
2mb.
Figure 20: The Pomeron-proton cross section extracted from data on
diﬀraction pp→ pX [37]
The only solution for this puzzle is to assume that
the Pomeron is a small size object, and its cross sec-
tion is reduced due to colour transparency. This means
that gluons in the proton have to be located within small
spots of radius r ≈ 0.3 fm [22, 38]
11. Nuclear shadowing
Interpretation of nuclear shadowing [39] depends on
reference frame. Only observables must be Lorentz in-
variant. If the bound nucleons are well separated in the
nuclear rest frame, after a Lorentz boost, both the nu-
cleon size and the inter-nucleon spacings are Lorentz
contracted, so the nucleons still seem to not ”talk” to
each other.
However, while the Lorentz contraction factor is m/E
for the inter-nucleon spacing, it is weaker, m/(xE), for
partons, carrying fractional momentum x. Thus, the lon-
gitudinal propagation of small-x partons is larger. They
overlap and start ”talking” to each other, e.g. they can
fuse and reduce the parton density at small x, as is il-
lustrated in Fig. 21. Correspondingly, the cross section
x
Figure 21: A cartoon of a Lorentz boosted and contracted nucleus.
The horizontal and vertical axes are assumed to be longitudinal coor-
dinate and Bjorken x.
decreases. This phenomenon is called shadowing, be-
cause in the rest frame of the nucleus the same process
looks diﬀerently, as a reduction of the beam ﬂux due to
competition between diﬀerent target nucleons. It is usu-
ally associated with the Glauber-Gribov mechanism of
shadowing [40, 41], which is illustrated in Fig. 22.
Figure 22: Grauber multiple-scattering shadowing, improved with the
Gribov inelastic corrections, related to intermediate excitations of the
projectile hadron.
The lowest order of the Gribov inelastic shadowing
correction can be modelled as,
Δσ
γ∗A
tot = −4π
∫
d2b e−
1
2 σ
hN
tot TA(b)
×
∫
M2min
dM2
dσγ
∗N
sd (pT = 0)
dM2 dp2T
∞∫
−∞
dz1ρA(b, z1)
×
∞∫
z1
dz2 ρA(b, z1) eiqL(z2−z1), (17)
where qL = (M2 + Q2)/2Eγ∗ ; ρA(b, z) is the nuclear
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density. The main problem for this kind of calculations
comes from the unknown absorption cross section σh
∗N
tot ,
which is ﬁxed here at σhNtot . Also the transitions between
diﬀerent excited states are unknown and neglected.
Nearly Q2 independent σDISdi f f /σ
DIS
incl leads to a weak
Q2 dependence of nuclear shadowing. Diﬀerent triple-
Reggeon terms in diﬀraction correspond to diﬀerent
parts of the shadowing eﬀect: the PPR and PPP terms
give quark and gluon shadowing respectively.
The onset of shadowing is controlled by the coher-
ence length, which can be interpreted as the q¯q ﬂuctua-
tion lifetime assuming that is is moving with the speed
of light.
lc =
1
qL
=
P
xBj mN
= P lmaxc . (18)
At lc  RA there is no shadowing, but at lc  RA the
dipole size is frozen and the calculations are much sim-
pliﬁed,
(
σ
γ∗A
tot
)T,L
lcRA
= 2
∫
dα
∫
d2r
∣∣∣ΨT,Lq¯q (εr)
∣∣∣2
×
∫
d2b
⎡⎢⎢⎢⎢⎢⎣1 − exp
⎛⎜⎜⎜⎜⎜⎝−
σNqq¯ (r)
2
T (b)
⎞⎟⎟⎟⎟⎟⎠
⎤⎥⎥⎥⎥⎥⎦ . (19)
The mean coherence length for a q¯q ﬂuctuation in
vacuum vanishes [42],
〈P〉vac =
〈
Ψ
γ∗
q¯q
∣∣∣∣P(kT , α)
∣∣∣∣Ψγ∗q¯q
〉
〈
Ψ
γ∗
q¯q
∣∣∣∣Ψγ∗q¯q
〉 → 0. (20)
However, the vacuum ﬂuctuations are dominated by
heavy, small size pairs, most of which cannot interact.
For those ﬂuctuations, which do participate in the inter-
action,
〈P〉shad =
〈
f (γ∗ → q¯q)
∣∣∣∣P(kT , α)
∣∣∣∣ f (γ∗ → q¯q)
〉
〈
f (γ∗ → q¯q)
∣∣∣∣ f (γ∗ → q¯q)
〉 . (21)
In real data the photon ﬂuctuations in DIS are not
frozen, but keep breathing during propagation through
the nucleus. The dipole breathing can be calculated with
the path-integral technique [22, 42].
The coherence length for gluons is quite shorter than
for quarks, because gluons, located in small spots, have
larger transverse momentum, so gluonic ﬂuctuations are
heavier. Relative shortness of the gluon coherence time
is a good support for factorisation of the dipole interac-
tion.
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Figure 23: The mean values of factor PT,L in Eq. (18), controlling the
coherence length, as function of Bjorken xB j. Solid and dashed curves
correspond to Q2 = 4 and 40GeV2.
There are many evidences for the two-scale structure
of hadrons [38], which leads to a weak gluon shadow-
ing. A DGLAP analyses is able to single out from data
the nuclear PDFs for diﬀerent species of partons. A
leading order analysis [43] failed to extract the gluon
distribution from the NMC data, but the NLO ﬁt turned
out to be sensitive to gluons. The results of the NLO
analysis in Ref. [44] presented in Fig. 24 conﬁrm a very
weak, gluon shadowing.
Figure 24: The result of the NLO global analysis [44] for the nuclear
ratio Au/p for gluons vs Bjorken x at Q2 = 10GeV2. Gluons are
plotted by dashed curve. The curve marked as nDSg is a trial function
with bad value of χ2 testing the stability of the analysis.
The ﬁrst tests of gluon shadowing at LHC, well con-
ﬁrmed the anticipated weakness of gluon shadowing.
Namely the magnitude of the Cronin ratio A/p for
high-pT pion production in pA collisions was correctly
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predicted in [45], prior the RHIC and LHC data, to ex-
ceed unity by few percent. Both predictions were well
conﬁrmed [46, 47], while numerous recent calculations
presented in [48] overestimated the strength of gluon
shadowing and under-predicted the nuclear ratio.
12. Summary
Factorisation of long-distance soft and short-distance
hard interactions is expected to be valid for inclusive
reactions (except some speciﬁc kinematic regions), is
demonstrated to fail for diﬀractive processes, which are
dominated by the strong interplay between soft and hard
interactions. This was demonstrated above for several
examples of diﬀractive reactions, Drell-Yan reaction,
production of gauge bosons and Higgs, production of
heavy ﬂavours. All processes were treated in the dipole
representation, which explicitly discriminates between
the short and long transverse distances. Factorisation is
also broken in inclusive hard reactions on nuclei, where
quark shadowing (higher twist) and the hard process
are controlled by the same parameter, the dipole size.
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